To determine which of the six candidate proteins is not be possible to completely dissect the "histone code" responsible for the detected nucleosomal histone H4- [33] without identifying the HMTases that target other specific methyltransferase activity, each of the six prohistone lysine residues for methylation. Here we report tein bands was excised and subjected to in-gel tryptic the purification, molecular identification, and functional digestion. The resulting peptides were analyzed by mass characterization of a nucleosomal H4-K20-specific spectrometry [34] . Interestingly, most masses obtained HMTase. We found that an evolutionarily conserved SET from the 45 kDa protein, marked by a star ( Figure 1B , domain-containing protein, named SET8, is responsible top panel), matched a SET domain-containing protein for H4-K20 methylation both in vitro and in vivo. In addinamed PR/SET07 in GenBank (AAF97812). Since all the tion, H4-K20 methylation is widespread in the genome lysine-specific HMTases identified so far contain a SET and appears to be regulated during the cell cycle. Finally, domain, the 45 kDa protein is likely responsible for the disruption of SET8 in Drosophila by a P element insertion detected H4-specific HMTase activity. It is important to results in lethality that correlates with decreased H4-point out that not all the masses obtained from the 45 K20 methylation. kDa protein matched PR/SET07. Either the 45 kDa protein band represents a mixture of PR/SET07 and another protein or the protein is distinct but highly related to Results 45 kDa apparent molecular mass. Third, the nucleotide sequence around the first methionine conforms to the blot analysis indicates that this fraction does not contain the previously identified H4-R3-specific methyltransferKozak initiator sequence [35] . Fourth, transfection of a mammalian expression vector containing the ORF into ase PRMT1 (data not shown), suggesting that a protein other than PRMT1 is responsible for the enzymatic activ-293T cells generated a product that migrates at the same position as that of the native protein (data not ity. Previous studies indicated that lysine methylation in histone H4 is restricted to lysine 20 [10], thus, the fracshown). Analysis of the putative nucleosomal H4-specific tion likely contains the long sought H4-K20 methyltransferase.
PR/SET07. To differentiate these two possibilities, human EST Purification of an H4-Specific HMTase
methyltransferase revealed a SET domain at its C terminus ( Figure 2A ). Similar to the previously identified H3-To purify the enzyme, the 1.0 M P11 fraction was fractionated sequentially through four columns ( Figure  K4 -specific HMTase SET7 [31] , neither a cysteine-rich preSET nor a postSET domain was identified. A search of 1A). The enzymatic activity was monitored by HMTase assay using oligonucleosomes as substrates. Analysis the GenBank databases with the amino acid sequence revealed apparent homologs in Drosophila (CG3307) of the fractions derived from the last purification step indicated that the activity eluted with a native size of and C. elegans (T26A5.7). Alignment of these homologs with their human counterpart revealed that these pro-50-150 kDa between fractions 50 to 56 ( Figure 1B outside the SET domain, and the protein is different from In order to identify possible SET8 associated prothe H3-K4-specific HMTase SET7 [31] or the putative tein(s), input for the phenyl sepharose column was used protein PR/SET07, we name this protein SET8.
for immunoprecipitation followed by silver staining and Although all the lysine-specific HMTases identified so Western blot analysis using SET8 antibody. As a control far contain SET domains, the presence of a SET domain for specificity, a polyclonal antibody against GST was is not sufficient for HMTase activity [15] . To confirm that used in parallel experiments. Results shown in Figure  SET8 is indeed the nucleosomal H4-specific methyl-2D demonstrate that no apparent polypeptide coimmutransferase that we are pursuing, recombinant SET8 was noprecipitates with SET8 (bands around 26 kDa present generated and tested for its activity using nucleosomes in both samples are IgG light chain). Since the native as substrates. Results shown in Figure 2B demonstrate size of SET8 is between 66 and 150 kDa ( Figure 1B , that SET8 is indeed capable of methylating nucleosomal bottom panel), it is possible that SET8 exists as a homo-H4. Moreover, recombinant SET8 and the native SET8 dimer. Consistent with this possibility, recombinant seem to have comparable activity when equal amounts SET8 eluted at exactly the same fractions as that of the of SET8 were compared ( Figure 2B , compare lanes 1 native SET8 on the S200 column (compare Figures 2E  and 3) . Thus, we conclude that SET8 is a novel nucleosoand 1B, bottom panel). Collectively, the above data supmal H4-specific methyltransferase.
port that SET8 is a nucleosomal H4-specific HMTase The fact that the native enzymatic activity eluted at a and that SET8 functions as a homodimer. slightly larger mass than 45 kDa ( Figure 1B ) prompted us to ask whether any other factors coexist with SET8 SET8 Prefers Nucleosomal Histone H4 in a protein complex. To this end, a polyclonal rabbit as Substrate antibody against SET8 was generated. Western blot Having established that SET8 is able to methylate analysis of partially purified HeLa extracts using affinitynucleosomal histone H4, we also assessed whether it purified SET8 antibody demonstrated that the antibody can methylate H4 in the form of a mixture of core hisis highly specific ( Figure 2C ). To verify that SET8 is intones. Results shown in Figure 3A indicate that at a deed present in our last purification step, fractions delow enzyme concentration (enzyme/octamer molar ratio rived from the gel filtration S200 column were analyzed 1:625 to 1:12) SET8 almost exclusively methylates by Western blot using SET8 antibody. Results shown nucleosomal histone H4 ( Figure 3A, lanes 1-8) . However, in Figure 1B indicated that the elution profile of SET8 as the enzyme concentration increases (enzyme/ocoverlaps the nucleosomal H4-specific HMTase activity. tamer molar ratio 1:6 to 1:3), SET8 is able to methylate Surprisingly, although fraction 56 contains no detect-H4 in both octamer and nucleosome forms, with a preferable SET8, it contains a relatively high level of enzymatic ence for the nucleosomal substrate ( Figure 3A , lanes activity. One explanation is that this fraction contains another unidentified H4-specific HMTase (see below). Figure 3A) . As controls, histone octamers alone we attempted to determine the methylation site. Microand octamer plus unassembled plasmid DNA were also sequencing of SET8 methylated H4 followed by liquid used in the HMTase assay. Results shown in Figure 3B scintillation counting revealed that lysine 20 is the methindicate that, while SET8 is not able to methylate histone ylation site ( Figure 4A ). Since SET8 is capable of methyl-H4 in octamers, it can efficiently methylate histone H4 ating recombinant H4 as well as H4 peptide at a higher in the presence of DNA. However, we cannot rule out enzyme concentration (data not shown), we verified the the possibility that the plasmid DNA and histones form site mapping result using wild-type and mutant H4 tail a nucleosome-like structure during the reaction.
peptides as substrates. While SET8 can efficiently methylate wild-type H4 tail peptide, it is completely inactive toward the same peptide with a K20L mutation ( Figure Figure  3D , compare lanes 1 and 2). Thus, the SET domain of 4C demonstrate that the antibody recognized SET8-SET8 is critical for its HMTase activity. methylated histone H4 (lane 4), while it does not recogIn addition to the SET domain, our previous work on nize nonmethylated (lanes 1 and 3) or R3-methylated SET7 has demonstrated that the adjacent sequences, H4 (lane 2). Thus, we conclude that the antibody is H4-whether cysteine rich or not, are also required for mK20-specific. HMTase activity [31] . Given that SET8 targets histone Having demonstrated the specificity of the antibody, H4 instead of H3, we asked whether any sequences in we tested for H4-K20 methylation in different organisms. SET8 other than the SET domain are required for its Core histones isolated from chicken, Drosophila, and HMTase activity. To this end, a series of N-terminal and the budding yeast Saccharomyces cerevisiae were ana-C-terminal deletion mutant SET8 proteins were generlyzed for the existence of H4-K20 methylation by Westated and tested for HMTase activity. Similar to the ern blotting. As negative and positive controls, recombi-H299A mutation in the SET domain, deletion of the nine nant H4 and HeLa core histones were included in the amino acids at the extreme C terminus of SET8 dramatiassay. Consistent with the existence of a SET8 homolog cally decreased its enzymatic activity toward nucleosoin Drosophila but not in yeast (see above), H4-mK20-mal histone H4 ( Figure 3D , compare lanes 1 and 7). In specific antibody reacted with H4 purified from Drocontrast to the stringent requirement for the C terminus, sophila but not from yeast ( Figure 4D ). Given that the the N-terminal 174 amino acids do not seem to be reminimum sequences on SET8 required for HMTase acquired for its HMTase activity ( Figure 3D , compare lanes tivity are highly conserved in the putative Drosophila 3-5 with lane 1). On the contrary, the N-terminal amino and C. elegans homologs (Figure 2A) , it is likely that H4-acid sequences seem to inhibit the SET8 HMTase activ-K20 methylation also occurs in C. elegans. Thus, we ity, as deletion of the N-terminal 53 amino acids almost believe that H4-K20 methylation is likely to occur in most doubled the SET8 HMTase activity ( Figure 3D , compare if not all multicellular organisms. lanes 3 and 4 with 1). Further deletion of the N-terminal sequences to the SET domain completely abolished its enzymatic activity ( Figure 3D, compare lanes 5 and 6) .
dSET8 Contributes to H4-K20 Methylation In Vivo Having established that H4-K20 methylation occurs in Similar results were obtained when core histones were used as substrates (data not shown). The above studies Drosophila, we attempted to determine whether the putative Drosophila SET8 homolog encoded by CG3307 indicate that about half of the SET8 protein is dispensable for its HMTase activity. We believe that this is the also has H4-K20-specific HMTase activity. Toward this . Thus, we conclude that the quence similarity and show the same substrate specificity, fly CG3307, which we refer to as dSET8, appears to l(3)neo41 insertion significantly reduces dSET8 protein levels. encode a functional homolog of the human SET8 protein.
We wished to investigate possible requirements and To determine if reduced levels of dSET8 affect histone H4-K20 methylation, we compared the H4-K20 methylaroles for dSET8 in vivo. Since mutations in at least 25% of vital Drosophila genes are available from collections tion levels in histones from wild-type and l(3)neo41 mutant larvae. As shown in Figure 5C , the total level of H4-of P transposon insertions [38] , we searched FlyBase [39] for preexisting insertions in or near dSET8. We found K20 methylation is significantly reduced in the mutant when compared with that of wild-type. Thus, we cona single P element, corresponding to the mutation l(3)neo41 [40] , located in the 5Ј-untranslated region 123
clude that dSET8 contributes to H4 methylation in vivo. The fact that the mutant retains substantial levels of bp downstream of the predicted dSET8 transcription start site. The l(3)neo41 chromosome is homozygous H4-K20 methylation suggests that additional H4-K20-specific HMTases exist in Drosophila. Consistent with lethal, and lethality is also observed when l(3)neo41 is tested in trans to a deficiency that removes dSET8 [40] .
this possibility, we observed additional H4-K20 methyltransferase activity in HeLa cells which does not correTo assess if the P insertion affects levels of dSET8 protein, we performed Western blots on wild-type and late with hSET8 in chromatography (data not shown and also see Figure 1B , compare middle and bottom panels). l(3)neo41 mutant larval extracts using antibody against hSET8. Since dSET8 is 58% identical to hSET8 within Identification of the additional H4-K20-specific HMTase will be required to fully understand the function of H4-the C-terminal 130 amino acids, we reasoned that antihSET8 antibody might crossreact with the fly protein.
K20 methylation in vivo.
To further investigate the timing and possible causes Data shown in Figure 5B indicate that a protein band of Figure  5D indicate that the modification is widespread in the indicate that no significant differences in the acetylation efficiency of the nonmethylated and methylated H4 were genome, with greater than a hundred discrete bands detected throughout the euchromatic arms. Parallel observed. Thus, we conclude that methylation on H4-K20 does not significantly affect subsequent H4 acetylastaining of the chromosomes with preimmune serum resulted in no detectable signal (data not shown). The tion by p300 under our assay conditions. We next sought to determine the effect of histone overall H4-K20 methylation pattern generally mirrors the DAPI pattern, where the brightest staining bands are acetylation on subsequent histone methylation. We first addressed this question in vivo by purifying both hyperthought to reflect regions of greatest DNA condensation in the chromosomes. In addition, the chromocenter apacetylated and hypoacetylated core histones from HeLa cells and comparing their H4-K20 methylation status. pears to be a major site of H4-K20 methylation (arrows).
In contrast, H4-K20 methylation is low or absent in puffs
The acetylation status of the core histones were revealed by Coomassie staining of a Triton-Acetic Acid-(asterisks) and interbands, which correspond to the most highly transcribed regions. Thus, H4-K20 methylaUrea (TAU) gel ( Figure 6C, lanes 1 and 2) . Western blot analysis of parallel samples using H4-mK20-specific antion does not seem to correlate with robust gene activity but might play a role in the more transcriptionally silent tibodies revealed that the H4-K20 methylation occurs on all the different acetylated H4 isoforms and appears or highly condensed portions of these chromosomes. Alternatively, the widespread distribution could reflect to be slightly enriched in the nonacetylated and monoacetylated isoforms ( Figure 6C, compare lanes 1 and 3) . a role in processes besides transcription or a general architectural role in chromatin (see below).
Thus, H4-K20 methylation level does not seem to be significantly affected by histone acetylation level in vivo. To investigate if reduced levels of dSET8 affects accumulation of the H4-K20 methylation on chromosomes, To compare the efficiency of different acetylated H4 isoforms to serve as substrates for SET8, both hyperwe analyzed chromosomes prepared from l(3)neo41/ Df(3R)red31 animals, which survive through late larval acetylated and hypoacetylated core histones ( Figure 6C , lanes 1 and 2) were methylated by SET8 in the presence stages (see above). Figure 5E shows that anti-methyl-K20 staining is generally reduced, although not elimiof [ 3 H]-SAM and analyzed by TAU gel. Results shown in Figure 6C (lanes 5 and 6) indicate that, while SET8 is nated, in chromosomes from these mutants. This result is consistent with the reduction in methyl-K20 levels able to methylate all the different H4 isoforms, it preferentially methylates hyperacetylated H4 isoforms (lane detected by Western blot of dSET8 mutant extracts (Figure 5C) . 5) in vitro. A simple explanation for this preferential methylation is that the hyperacetylated forms were at a lower methylation level in vivo before being subjected to in H4-mK20 Is Not Enriched in Heterochromatin vitro methylation. Collectively, our data do not support in Mammalian Cells significant interdependence between H4-K20 methylaTo assess the distribution of H4-K20 in mammalian cells, tion and H4 acetylation. NIH3T3 nuclei were stained with antibodies against H4-mK20. The results shown in Figure 6A (top panels) revealed a speckled staining pattern within interphase nu-H4-K20 Methylation Is Cell Cycle Regulated Previous studies indicated that histone methylation is clei, which does not overlap with the heavily DAPI stained heterochromatin. Consistent with this result, staining of regulated during the cell cycle [41], although H4-K20 modification was not specifically assessed. To analyze mitotic chromosomes with the mK20-specific antibody revealed that methyl-K20 appears to be excluded from the H4-K20 methylation status during the cell cycle, we arrested HeLa cells at the G1/S border, using a double pericentric heterochromatin. Instead, K20-methylated H4 seems to be distributed along the mitotic chromothymidine block. After releasing the arrested cells from the thymidine block, cells were collected every 2 hr for somes with a speckled pattern ( Figure 6A, bottom panels) . These results suggest that H4-K20 methylation is flow cytometry as well as for the preparation of protein extracts and histones. Flow cytometry analysis indimethylation levels change during the cell cycle, histones isolated from corresponding cells were subjected to cated that more than 95% of the cells progress through S phase and enter G2 synchronously (data not shown).
Western blot analysis using the H4-mK20-specific antibody. Results shown in Figure 6D demonstrate that H4-The cells were successfully arrested at the G1/S border before release, as evidenced by the accumulation of the K20 methylation peaks during S phase and drops during G2/M phase. histone mRNA stem-loop-binding-protein (SLBP) (Figure 6D) . As demonstrated previously [42] , SLBP levels Using a similar approach, we also analyzed the H4-K20 methylation status in G1 phase by releasing cells stayed high throughout S phase, and as cells exited S phase, SLBP levels dropped rapidly ( Figure 6D To invesMethyltransferase tigate the potential role of H4-K20 methylation in tranUsing biochemical approaches, we purified a nucleososcription regulation, we used several approaches. mal histone H4-specific HMTase activity (Figure 1) and Multiple lines of evidence suggest that H4-K20 methylafound that a single SET domain-containing polypeptide, tion is not likely to play a major role in regulating trannamed SET8, is responsible for the enzymatic activity scription activity. First, immunostaining of fly polytene (Figure 2 ). This single subunit HMTase is highly specific chromosomes revealed that although H4-K20 methylafor nucleosomal H4 at low enzyme concentrations. Howtion is widespread on the euchromatic arms ( Figure 5D) , ever, at a higher enzyme concentration, it is capable staining is low or absent in puffs and interbands, which of methylating H4 present in mixtures of core histones correspond to the most actively transcribed regions. (Figure 3A) . To our knowledge, this is the first HMTase H4-K20 methylation was also seen at the chromocenter. ble that the potential effect of the histone globular Direct sequencing of SET8 methylated H4 and domain on the reaction would be lost. In a reciprocal HMTase assays using a K20L mutant peptide strongly experiment, we also did not detect significant changes argue that SET8 exclusively methylates H4-K20 (Figure in H4-K20 methylation in vivo in response to histone 4). Using an H4-mK20-specific antibody, we found that hyperacetylation ( Figure 6C ). The final evidence that ar-H4-K20 methylation occurs in all tested multicellular orgues against a significant role for H4-K20 methylation ganisms from Drosophila to human ( Figure 4D ). Consisin transcription comes from direct tests of SET8 fusion tent with our finding that no apparent homolog of SET8 proteins. When both wild-type and HMTase defective exists in Saccharomyces cerevisiae, H4-K20 methyla-SET8 mutant proteins were targeted to reporters tion does not occur in this organism ( Figure 4D ). Howthrough the Gal4-DNA binding domain in either mammaever, we were able to identify a SET8 homolog in Drolian cells or Xenopus oocytes, no significant transcripsophila and demonstrate that this protein is at least tional effect was detected (data not shown). While the partially responsible for H4-K20 methylation in vivo (Fignegative result from the studies performed in mammaure 5). Our studies, both in mammalian cells and Drolian cells might be attributed to an incompletely chromasophila, suggest that SET8 is not the only H4-K20-specific tinized reporter, the studies performed in Xenopus oomethyltransferase. Because different H4-K20 methylcytes used a successfully assembled nucleosome transferases are likely to have functional redundancy, template. Taken together, we believe H4-K20 methylacomplete understanding of the function of H4-K20 methtion is unlikely to play a major role in transcription regulaylation requires the identification of other H4-K20 methtion comparable to that of H3-K9 or H3-K4 methylation. yltransferases.
In order to understand the role of H4-K20 methylation in processes other than transcription, we analyzed the Relationship between H4-K20 Methylation, Figure 6D and data not shown) . This observation raises many questions. For example, what is the molog has the same substrate specificity as human SET8 in vitro and is at least partially responsible for H4-cause of this change? Does this change bear any relationship to the turnover of methylated histones? Is the K20 methylation in vivo. Disruption of dSET8 by a P element insertion produces lethality, indicating that change a consequence of cell cycle progression, or does it reflect a role of H4-K20 methylation in controlling dSET8 function is required for normal fly development. Although the chromosomal distribution of H4-K20 meththe cell cycle? Does the high level of H4-K20 methylation at S phase have any connection to DNA synthesis? Furylation is widespread, our data do not support a primary role in gene activity. H4-K20 methylation levels are reguther work will be required to provide satisfactory answers to these questions. However, we can think of lated during the cell cycle, with the highest levels detected in S phase. at least three potential explanations for the observed changes in H4-K20 methylation during the cell cycle.
Experimental Procedures
First, it is possible that the level or activity of the H4-K20-specific methyltransferases, such as SET8, are HMTases. A detailed genetic analysis, including isolapurified as described [36] , and reconstituted nucleosomes assemtion of additional dSET8 alleles and examination of bled as described [37] . Hyperacetylated histone purification and germline and somatic clones, will be needed to deter-TAU gel assays were performed as described [44] . Quantitations mine precise developmental roles of dSET8.
were performed using the NIH Image 1.62 software after scanning the original data.
Conclusions Plasmids and Antibodies
In this study, we purified and characterized a new his-A plasmid encoding GST-hSET8 was constructed by digestion of tone methyltransferase named SET8, which specifically the hSET8 cDNA with NcoI and HindIII, which was then ligated into the NcoI/HindIII sites of the pGEX-KG vector. All the GST-hSET8 methylates nucleosomal histone H4 at lysine 20. The deletion constructs were generated by PCR and cloned into the HMTase activity of SET8 depends on its SET domain and EcoRI/XhoI sites of the pGEX-KG vector. The H299A mutant was adjacent sequences, which are evolutionarily conserved generated by overlap PCR. Constructs generated using PCR were among SET8 homologs in animals. Using an H4-mK20-verified by DNA sequencing. A plasmid encoding GST-dSET8 was specific antibody, we demonstrate that H4-K20 methylaconstructed by digestion of the Drosophila SET8 cDNA (LD12042) tion occurs in a variety of organisms from Drosophila with EcoRI and SacI and insertion into the EcoRI/SacI sites of the pGEX-KG vector. Antibody against hSET8 was generated in rabbit to human. Interestingly, the budding yeast S. cerevisiae
